Introduction
Primary central nervous system lymphoma (PCNSL) is a rare disease with poor prognosis: in recent studies, the median survival for patients with PCNSL ranges between 12 and 32 months [1, 2] . While some investigations have proposed specific treatment algorithms [1] , there is considerable debate concerning the standard of care for this disease [2] [3] [4] .
Surgical resection is not part of the standard of care for PCNSL. Historical studies have demonstrated unfavorable complication rates and marginal benefits [5, 6] . Investigations encompassing study periods as late as 1995 have shown no benefit to resection, or have identified resection as a predictor of poor outcome for patients with PCNSL [1, 2, [6] [7] [8] [9] [10] [11] [12] [13] . Consensus has therefore been that surgical Abstract Surgical resection is not the standard of care for primary central nervous system lymphoma (PCNSL), as historical studies have demonstrated unfavorable complication rates and limited benefits. Some recent studies suggest that resection may provide a therapeutic benefit, yet the safety of these procedures has not been systematically investigated in the setting of modern neurosurgery. We examined the safety of surgical resection for PCNSL. We retrospectively analyzed all patients with PCNSL treated at Columbia University Medical Center between 2000 and 2015 to assess complications rates following biopsy or resection using the Glioma Outcomes Project system. We identified predictors of complications and selection for resection. Well-validated scales were used to quantify patients' baseline clinical characteristics, including functional status, comorbid disease burden, and cardiac risk. The overall complication rate was 17.2% after resection, and 28.2% after biopsy. Cardiac risk (p = 0.047, OR Michael Brendan Cloney and Adam Sonabend contributed equally to this manuscript, and are co-firstauthors.
resection should not to be recommended for PCNSL, and stereotactic needle brain biopsy has been the standard diagnostic procedure [14] .
Recent studies suggest that resection is associated with a survival benefit for select patients with PCNSL [2, 15] . Historically, complication rates following resection for PCNSL have been high, making it hard to justify exploring the potential therapeutic benefit of resection. However, complication rates associated with a variety of surgical procedures have decreased over time [16] , including neurosurgical procedures [17, 18] , and complications rates from general anesthesia have also decreased [19] . Moreover, technological innovations have proliferated since the early literature on PCNSL resective surgery, including increased use of MRI [20] , frameless stereotaxy [21] , tumor visualization technologies [22] , and improved perioperative care. These technologies and practices have contributed to the safety of modern intracranial surgery [19] . In light of the new evidence suggesting a role for surgery in PCNSL treatment, some investigators have called for a reexamination of surgical resection for PCNSL [2] [3] [4] , and some professional societies have recommended resection in certain circumstances [23] . Nevertheless, data on the complication rates following resection of PCNSL in the modern era are limited.
As the use of surgical resection for PCNSL will depend on the safety of the procedure, we examined complication rates following either biopsy or resection for PCNSL. In order to facilitate comparisons to other intracranial neoplasms for which surgical resection is routine, we employed a system of quantifying complications that is widely used in neurosurgical oncology. Furthermore, we examined factors affecting selection for resection, as well as factors predictive of complications.
Methods
We used our pathology database to identify patients with CNS lymphoma diagnosed at Columbia University Medical Center between 2000 and 2015. We then distinguished cases of cranial PCNSL by excluding all patients with a prior diagnosis of lymphoma elsewhere, patients who had disseminated disease found on further workup, or patients whose lymphoma was located in the spine. We identified a total of 129 patients with cranial PCNSL. We retrospectively reviewed patient medical records for clinical information, including age at diagnosis, past medical history, functional status at diagnosis, tumor location, operations performed, postoperative complications, and survival data.
Functional status was quantified using the Karnofsky Performance Status (KPS) [24] . Postoperative complications were classified using a widely-used method for intra-axial tumors, the Glioma Outcomes Project classification system (GOP system) [25] . Cardiovascular risk was quantified using The Simple Index for Prediction of Cardiac Risk, an index retrospectively derived using data from 2893 patients undergoing major non-cardiac surgery, then prospectively shown to be superior to other common preoperative decision aids in predicting postoperative complications in a cohort of 1422 patients [26] . Immunocompromised patients were defined as patients diagnosed with HIV, or patients with a history of solid organ transplantation. Comorbid diagnoses were quantified using the Charlson Comorbidity Index (CCI) [27] .
Tumor location category variables included left hemispheric involvement, infratentorial location, deep location, and multiple lesions. These categories were included as binary variables, and a given patient's tumor could belong to multiple or none of the different categories.
Complication rates following resection of PCNSL were compared to a previously published institutional series for patients with lobar glioblastoma (GBM) [28] . Both series use the same method of classifying complications, and the same group of surgeons performed the surgeries. As the GBM series only studied patients age 65 and older, only PCNSL patients age 65 and over were included for the comparison. Unlike the current series, the GBM series was restricted to patients with unifocal, lobar disease. The baseline age, KPS, and cardiovascular risk of each group were also compared.
Statistical analysis was performed using SAS 9.1 (SAS Institute, Cary, NC) and Prism 6.0b (GraphPad Software, Inc., 1994-2012). Baseline clinical data between groups were compared using T tests, Mann-Whitney tests, and Fisher's exact tests, as appropriate. Multiple-variable logistic regression was performed to identify predictors of selection for craniotomy and predictors of complications. Explanatory variables included age, KPS, cardiac risk, comorbid diagnoses, multiple lesions, immunocompromised status, infratentorial location, deep location, and left hemispheric involvement. Age was treated as a continuous variable in our analysis, and KPS, cardiac risk, and comorbid diagnoses were treated as ordinal. When calculating the rate of complications among all patients regardless of procedure type, procedure type (resection or biopsy) was also included as a variable. All variables with p ≤ 0.20 on single-variable logistic regression were included in the multiple variable models. p values of <0.05 were considered statistically significant. 100), and the median cardiac risk factor was 0 (range 0-4) ( 
Selection for resection
Patients who underwent biopsy and patients who underwent resection were comparable with respect to age (64. 
Postoperative complications
Patients undergoing biopsy and those undergoing resection had comparable rates of complications for all complication types. Overall, 10 resection patients (17.2%) and 20 biopsy patients (28.2%) experienced at least one complication (Table 3) . Five resection patients (8.6%) and 13 biopsy patients (18.3%) experienced a systemic complication, 2 resection patients (3.4%) and 5 biopsy patients (7.0%) experienced a regional complication, and 3 resection patients (5.2%) and 4 biopsy patients (5.6%) experienced a neurologic complication.
Predictors of complications among all patients
Among all patients, KPS, comorbid diagnoses, and immunocompromised status were predictive of overall complications on single-variable regression (n = 129; KPS p = 0. 
Discussion
Surgical resection is not the standard of care for PCNSL because of historical studies demonstrating unfavorable complication rates and minimal benefits [1, 5, 6] . A few recent studies have suggested that resection is associated with a survival benefit in select patients [2, 15] . However, these studies include a post-hoc analysis of selected patients enrolled in a clinical trial, which may underestimate the morbidity associated with resection surgery. The safety of resection of PCNSL has not been systematically investigated in the setting of standard modern neurosurgical techniques and perioperative care. Existing surgical literature suggests that surgical care has become safer [16] , including literature from within the field of neurosurgery [17, 18, [29] [30] [31] , so a re-examination of the safety of resection for PCNSL is warranted. Furthermore, patient selection affects resection outcomes for CNS tumors [25, 32] , but remains under-examined for patients with PCNSL. Our results show that refined patient selection might allow for reasonably safe surgical resection for PCNSL, as has been the case for other "high-risk" populations that have been traditionally, a priori, deemed to be too risky to undergo brain tumor resections [28] . The complication rates we observed after resection of PCNSL are lower than historical complication rates. Notably, our rate of neurological complications following resection (5.2%) was significantly lower than the complication rates seen in historical series, such as the 40% rate observed by DeAngelis et al. [6] . Multiple factors may account for this finding, including national trends toward centralization of care at specialty centers [31] , patient selection, and newer technologies that have improved surgical safety. Regarding technology, many investigations showing that resection is not safe for PCNSL were conducted without tools that are now common: the series from De Angelis et al. predates the widespread use of MRI [6] , and the series from Henry et al. predates the very invention of MRI [5] . An influential series from Bataille et al. only included patients as late as 1995 [1] , when MRI use was not the standard of care. Indeed, from 1996 to 2010, MRI use increased by 3.8 fold [20] , and one early neuronavigation system, VectorVision from BrainLab, only received FDA approval in 1997, after which literature supported its widespread use [21] . Moreover, our finding may be part of a larger trend: complication rates have decreased for a variety of surgical procedures over time [16] , including neurosurgical procedures [17, 18] , and the complication rate associated with general anesthesia has also decreased [19] .
Our series demonstrates that complication rates following resection of PCNSL are reasonable. The complication rates we observed after resection of PCNSL are comparable to complication rates from series on other CNS tumors that used the same method of assessing complications (Fig. 1) . Chang et al. reported a series of 408 patients undergoing resection of WHO grade III or IV gliomas in whom the overall rate of complications was 24.2% [25] . Sawaya et al. [35] [36] [37] . Indeed, Malone et al. examined data on craniotomy for multiple tumor types (glioma, metastases, meningioma, acoustic neuroma) from the Nationwide Inpatient sample, and found overall complication rates to be between 14.3 and 15.7% [38] . Moreover, our complication rate in this institutional series Fig. 1 Complication rates from craniotomy for resection in series with complete complications data classified according to the Glioma Outcomes Project system. [25] Superscripts denote what types of tumors were treated in each series, as follows: a glioblastoma, b malignant glioma (WHO grade II-IV), and c three or more intra-axial tumor types, including both gliomas and metastases is comparable to the complication rate in our recentlypublished institutional series on elderly patients with lobar GBM [28] . Of note, the Glioma Outcome morbidity metric used for our study and others overstates neurological complications, as it does not distinguish transient and expected perioperative neurological deficits from permanent neurological injury. It appears, therefore, that the complication rate following resection of PCNSL observed in our series is no higher than rates following resection of tumors for which surgical resection is the standard of care, and that the rate of complications is acceptable.
We found that comorbid diagnoses predict complications, which can help refine patient selection for improving the safety of PCNSL resection surgery. This finding runs contrary to the results of Benz et al., who also used the CCI to quantify complications, and found no relationship between comorbid conditions and complications following spine surgery [39] . However, surgical literature from outside the sphere of neurosurgery has repeatedly found that the CCI predicts postoperative complications [40, 41] , and similar comorbidity indices have been demonstrated to predict complications following craniotomy [30] , as well as following other neurosurgical procedures [29] . We believe that the CCI is a useful metric for identifying PCNSL patients who are likely to experience perioperative complications.
In this study, we also identified patient characteristics that are associated with resection versus biopsy as the procedure of choice. Our finding that age, multiple lesions, and deep lesion location were factors associated with selection for biopsy is consistent with prior series on intracranial neoplasms. Weller et al. also found in their PCNSL series that patients with multiple lesions were less likely to undergo resection [2] . Tomlinson et al. found that age predicts a poor prognosis for PCNSL [9] , and age has also been shown to predict complications following resection of intra-axial tumors [34] . Tanaka et al. found that deep lesion location was a negative predictor of selection for resection for other intra-axial tumors [42] , and multiple series have demonstrated that deep lesion location is a poor prognostic indicator for both PCNSL [7, [43] [44] [45] , and other CNS malignancies [42, 46] . Indeed, some investigators suggest resection should be avoided for deep PCNSL [6, 8] , and current guidelines only recommend resection when there is mass effect causing herniation [23] .
While we have identified several selection factors for resection in our series, surgical decision-making is complex. Indeed, results of surveys on surgeons' surgical plans correlates much more strongly with extent of resection than known predictive variables and clinical scales [47] , suggesting that the decision-making process is incompletely captured with standard analyses such as ours. Moreover, Orringer et al. found 28.3% disagreement between academic tumor surgeons about the feasibility of gross total resection for given lesions, suggesting that further highlighting the complexity of the decision and its inability to be reduced to simple binary variables [48] .
We found that the complication rates from biopsy were statistically similar and numerically higher than complication rates from resection. Our findings are consistent with Tanaka et al's recent series of glioblastoma patients, which also found a higher rate of complications after biopsy using the GOP method of classification (18.9% after resection, 30.8% after biopsy) [42] . This finding likely results from the selection factors that distinguished biopsy patients from resection patients: our biopsy patients had lower KPS scores, and age predicted selection for biopsy on multivariable regression. Age and KPS have both been shown to predict systemic and regional complications [25, 34] , which result in a higher rate of complications in the biopsy group. Of note, our finding that age and KPS were different between resection and biopsy groups is not consistent with a recent series on PCNSL from Weller et al. [2] , which could reflect differences in institutional patterns of care, or bias introduced by a clinical trial inclusion criteria in the study of Weller et al.
The proportion of patients who underwent surgical resection for PCNSL in our series (45%) appears high, likely due to multiple factors. The patients included in our series were identified using neuropathology records, which would only have included patients who underwent a cranial procedure from which tissue could have been obtained. Furthermore, as we only studied PCNSL, patients with a history of lymphoma who developed a CNS lesion were not included, and may have contributed to the disproportionately low numbers in the biopsy group. Additionally, our methodology could have excluded patients who received radiological workup that identified extra-axial lesions, particularly if such lesions were amenable to biopsy. Finally, local practice may have contributed to a higher rate of resection in the PCNSL population. Current guidelines recommend resection when there is mass effect causing herniation [23] , and our institution is a referral center that may receive a disproportionate number of these high-risk cases.
Our study has several important limitations. It was conducted retrospectively and it spanned a wide time period, during which patterns of care and surgical management may have changed. While our series is larger than many existing surgical series on PCNSL, it is relatively small compared to surgical series for other intra-axial tumors. While we have examined the safety of surgical resection for PCNSL, it remains to be determined whether there is therapeutic benefit to undergoing resection, or achieving a greater extent of resection for PCNSL. Notably, the standard of care for PCNSL consists of radiotherapy and chemotherapy [1] , and postoperative recovery from surgical resection may delay time to initiation of these other modalities whose benefits are well known. Unfortunately, our data is limited in this regard, and future investigations should examine whether such a delay occurs, and if that delay affects outcomes.
Conclusion
Surgical resection of PCNSL is safe for select patients, with complication rates comparable to rates for other intracranial neoplasms. Whether there is a clinical benefit to resection cannot be concluded.
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